Insulin-like growth factor II mRNAbinding protein
Introduction
Sex determination cascades that regulate the differentiation of sexually dimorphic traits are some of the most rapidly evolved developmental events (Marin and Baker, 1998) . Genetic or environmental cues regulate the generation of two distinct sexual phenotypes via several key molecular signals. In Caenorhabditis elegans, the ratio of X chromosomes to autosomes (X:A) is the primary signal for sex determination (Farboud et al., 2013) . The dosage of X-linked signal element (XSE) genes such as sisA, scute, and unpaired, which function to activate SxlPe, is the molecular signal for sex determination in Drosophila (Erickson and Quintero, 2007) . In mammals, the Y-linked gene Sry determines maleness (Hawkins, 1993; Sinclair et al., 1990) , whereas a probable female determining gene, DM-W, was identified on the W chromosome of Xenopus laevis (Yoshimoto et al., 2008) . In addition, a growing body of evidence has suggested that some genes downstream of the sex determination cascade 0925-4773/$ -see front matter Ó 2013 Elsevier Ireland Ltd. All rights reserved. http://dx.doi.org/10.1016/j.mod.2013.10.004 are functionally similar in diverse species. For example, the DM domain (Doublesex/Mab-3 DNA-binding motif) genes regulate sexual development in vertebrates as well as multiple metazoan phyla, including arthropods and nematodes, and therefore, this gene family may represent the first example of widespread conservation of sexual regulatory genes (Hodgkin, 2002; Volff et al., 2003) . The DM domain is a cysteine-rich DNAbinding motif first recognized in proteins encoded by the D. melanogaster sex determination gene doublesex (Erdman and Burtis, 1993; Zhu et al., 2000) . As the name doublesex (dsx) suggests, this gene functions in both sexes. The primary transcript of dsx undergoes sex-specific alternative splicing, producing either a male-(DSXM) or a female-specific isoform (DSXF) (Schü tt and Nö thiger, 2000) . Therefore, in most somatic tissues of D. melanogaster, DSXM directs male development, and DSXF guides female development.
The mechanism of sex-specific dsx splicing has been well studied. Female-specific splicing requires TRA, TRA-2, and an exonic splicing enhancer (ESE) element located within the fourth exon (Nagoshi and Baker, 1990; Sá nchez, 2008) . The dsx ESE, dsxRE, is the binding site for the cooperative assembly of the multicomponent splicing enhancer complex, consisting of TRA, TRA-2, and one or more SR proteins Maniatis, 1995, 1996) . This complex activates the upstream female-specific 3 0 splice site, presumably by facilitating the interactions with other general splicing factors (Kan and Green, 1999) with the RNA. A similar function of tra has been reported in several dipteran and hymenopteran insects. RNAi-mediated knockdown of tra in Musca (Hediger et al., 2010) , Ceratitis (Pane et al., 2002) , Lucilia (Concha and Scott, 2009) , and Nasonia (Verhulst et al., 2010) disrupted endogenous tra function, causing male-specific splicing of the endogenous dsx pre-mRNAs, and leading to the transformation of chromosomally female embryos into adult pseudomales. These findings suggest that the function of tra is conserved in dipteran insects. The Sxl gene, which is at the beginning of the sex determination cascade in D. melanogaster, regulates female sexual development via its autoregulatory function, since Sxl protein participates in the female-specific splicing of its own premRNA, acting as the memory device (Bell et al., 1991; Salz, 2011) . The downstream target of Sxl is the gene tra. A transcript found in both males and females encodes a nonfunctional truncated Tra protein, whereas a female-specific transcript encodes the functional Tra protein (Graham et al., 2003; Salz, 2011) . In a number of dipteran insects, such as Chrysomya rufifacies (Muller-Holtkamp, 1995) , Megaselia scalaris (Sievert et al., 1997) , Musca domestica (Meise et al., 1998) , Ceratitis capitata (Saccone et al., 1998) , Sciara ocellaris (Ruiz et al., 2003) , and Bactrocera oleae (Lagos et al., 2005) , the Sxl gene is not regulated in a sex-specific manner and does not play the same discriminatory role (act as a memory device) in sex determination that it plays in Drosophila. As in the drosophilids, the tephritid tra gene is constitutively expressed in both sexes, and its pre-mRNA undergoes sex-specific alternative splicing. However, although Sxl regulates tra in Drosophila, in tephritids, tra acts as the memory device for sex determination via its autoregulatory function, whereby Tra protein contributes to the female-specific splicing of its own pre-mRNA. In addition, the tephritid tra gene has malespecific exons that contain translational stop codons. The inclusion of these exons in the mature mRNA in males results in the production of a truncated, nonfunctional Tra protein. In females, the male-specific exons are spliced out due to the presence of Tra protein (Lagos et al., 2005; Pane et al., 2002) . The identification of putative TRA-TRA2-binding sites in the male-specific exons and in surrounding introns suggests that TRA has an autoregulatory role.
In the silkworm Bombyx mori, the chromosomal sex determination mechanism differs from that of D. melanogaster, since female (ZW) is the heterogametic, and male (ZZ) is the homogametic sex. Genetic studies revealed that female sex in B. mori is determined by the presence of a dominant feminizing factor (Fem) on the W chromosome (Fujii and Shimada, 2007) . However, no sex-specific regulatory Sxl homolog has been isolated from B. mori (Niimi et al., 2006) . In addition, no tra homolog has been found in the genome of B. mori (Mita et al., 2004) . Despite these differences, a homolog of dsx (Bmdsx) in B. mori was implicated in sex determination (Suzuki et al., 2005) . Bmdsx produces alternatively spliced mRNA isoforms that encode sex-specific transcription factors, similar to dsx (Suzuki et al., 2001 ). However, the underlying mechanism of sex-specific splicing is different in dsx and Bmdsx. Unlike Drosophila dsx, the female exon of B. mori is devoid of putative TRA-TRA2-binding sites (Suzuki et al., 2001 ). Consequently, RNAi knockdown of B. mori tra-2 has no effect on the sex-specific splicing of Bmdsx pre-mRNA (Suzuki et al., 2012) . Instead, the splicing inhibitor BmPSI and a B. mori insulin-like growth factor II mRNA-binding protein (Imp) regulate the male-specific splicing of Bmdsx (Suzuki et al., 2008 (Suzuki et al., , 2010 . The Imp is localized on the Z chromosome and is male-specifically expressed in various tissues. However, the molecular mechanisms underlying the male-specific expression of this gene are unknown.
In this study, we compared the expression patterns of Imp in female and male larval tissues, and found that exon 8 is included in a male-specific manner. In addition, we provide several lines of evidence that Imp has an autoregulatory function that produces Imp protein specifically in males by contributing to the male-specific splicing of its own pre-mRNA.
Results

2.1.
Male-specific Imp mRNA production results from the male-specific inclusion of exon 8
To investigate whether isoforms of Imp other than the previously described male-specific transcript are expressed, we performed 5 0 and 3 0 RACE experiments using cDNA prepared from fifth-instar larval ovaries as the template. 5 0 RACE resulted in a single amplified product with a nucleotide sequence identical to the previously reported Imp cDNA sequence (data not shown; Suzuki et al., 2010) . In contrast, two different 3 0 RACE products were obtained ( Fig. 1 A, S and L). The band corresponding to the S-fragment was very faint, and sequence analysis revealed it was consistent with the male-specific Imp transcript previously described (Suzuki et al., 2010) . The L-fragment was much more abundant and occurred as a result of the use of a poly(A) site present in the middle of intron 7. A comparison of the S-and L-fragments revealed that the difference between the two fragments occurs in the sequence downstream of exon 7, which is spliced to exon 8 in the S-fragment, and followed by an intronic sequence in the L-fragment (Fig. 1B) . The putative amino acid sequence of the protein encoded by the L-fragment was completely identical to Imp described in our previous report (encoded by the S-fragment), except for the six C-terminal amino acid residues (Fig. 1C) . To further investigate the expression pattern of each isoform, reverse transcriptionpolymerase chain reaction (RT-PCR) analyses were performed using the primers illustrated in Fig. 1B . Male-specific amplification was observed with the primer pair a/e in all studies tissues ( Fig. 1D , top panel). Although male-specific amplification was also observed with the primer pair a/d in the fat body, amplified products were obtained from all other tissues of both sexes by the same RT-PCR (Fig. 1D , upper-middle panel).
RT-PCR using the primer pairs a/c and b/c led to the amplification of cDNAs in all studied tissues from both sexes (Fig. 1D , lower-middle and bottom panels). This suggests that the male-specific Imp mRNA described previously was as a result of male-specific splicing of exons 7 and 8. The novel isoform identified here was yielded by the choice of a poly(A) site present in the middle of intron 7, and its expression was not sexspecific. Hereafter, we focused on the regulatory mechanism determining the male-specific splicing of exon 7 to exon 8.
The downregulation of Imp in male cells decreases male-specific splicing of Imp
Recent studies have revealed that Drosophila Sxl, tra in several dipteran and hymenopteran insects, and fem in Apis mellifera act as the memory device for sex determination via their autoregulatory function, and so the protein product contributes to the sex-specific splicing of its own pre-mRNA. . BmN indicates that PCR products were amplified using cDNA prepared from BmN cells derived from ovaries, whereas M1 indicates that PCR products were amplified using cDNA prepared from NIAS-Bm-M1 cells derived from male embryos.
To determine whether the Imp protein is required for maintaining the male-specific splicing of its own pre-mRNA, we assessed the effect of knocking down endogenous Imp in male cells on the male-specific splicing of an exogenous Imp premRNA. To deplete the endogenous Imp mRNA, the dsRNAs targeting Imp exon 3 used in our previous study (Suzuki et al., 2010) were transfected into NIAS-Bm-M1 cells. Two days after transfection with dsRNA, cells were transfected with a Imp minigene containing the genomic fragment from exon 6 to exon 8 ( Fig. 2A) . As shown in Fig. 2B , the transfected minigene underwent male-specific splicing in the negative control cells (Fig. 2B , left lane, upper panel). Knockdown of endogenous Imp caused a significant reduction in the male-specific splicing of the Imp minigene (Fig. 2B , right lane, top panel). Consistent with a previous report, treatment with Imp dsRNA also blocked the expression of endogenous Imp (Fig. 2B , right lane, bottom panel) (Suzuki et al., 2010) . In contrast, no variation in splicing between exons 6 and 7 of the minigene was observed after Imp knockdown (Fig. 2B, 2nd panel) . The amount of the alternatively spliced product detected with primers F1/d was almost the same between control cells and Imp knockdown cells (Fig. 2B, 3rd panel) . Similar patterns were observed in endogenous Imp expressed in examined male tissues (Fig. 1D , compare upper and upper-middle panels), suggesting that efficiency for the male-specific splicing may not be severely affected by the non-sex-specific splicing. These results suggest that Imp protein is required for the maintenance of the male-specific splicing of its own premRNA.
Overexpression of male-type Imp in female cells induces male-specific splicing of Imp
To determine whether the overexpression of male-type Imp cDNA induces male-specific splicing of Imp in female cells, BmN cells were co-transfected with the Imp minigene and pIEx-Imp containing male-type Imp cDNA driven by the baculovirus ie1 promoter. The splicing pattern of the region common to both sexes in the minigene was comparable between the negative control and pIEx-Imp-transfected cells The splicing patterns of the Imp minigene were detected by RT-PCR, as described in (B). The bottom panel shows the malespecific Imp transcript amplified by RT-PCR with primer pairs a and e (see Fig. 1B and Table 1 ). PCR products were separated on a 1% agarose gel.
( Fig. 2C, 2nd panel) . Again the amount of the alternatively spliced product detected with primers F1/d was almost similar between control cells and Imp-overexpressed cells (Fig. 2B,  3rd panel) . As expected, male-specific splicing of the transfected minigene was not detected in the negative control cells in which male-type Imp was not expressed (Fig. 2C , left lane, top and bottom panels). In contrast, overexpressing the maletype Imp cDNA induced male-specific splicing of the transfected minigene (Fig. 2C , right lane, top panel). These results suggest that male-specific Imp protein is required for the maintenance of the male-specific splicing of its own premRNA.
2.4.
A-rich sequences in intron 7 are required for malespecific splicing
The data presented so far suggest that Imp binds its own pre-mRNA to regulate male-specific splicing. Human Imp1 binds to an adenine-rich autoregulatory sequence (ARS) in the mRNA of poly(A)-binding protein (PABP) (Wu and Bag, 1998) . The strongest binding site for Imp1 on the ARS was identified as a 22 nucleotide (nt)-long CCCAAAAAAAUUUA-CAAAAAA sequence (Patel and Bag, 2006) . Based on these previous studies, we searched the 2728-nt RNA sequence between exons 7 and 8, where male-specific splicing occurs, for an adenine-rich sequence(s). We identified four adeninerich sequences clustered in the region immediately downstream of the poly(A) site in the middle of intron 7 (Fig. 3 , upper and middle panels). Notably, part of the sequence shows high homology to the human Imp1 binding sequence (Fig. 3, lower panel) . To determine whether these A-rich sequences (AR1, AR2, AR2, and AR4) are important for malespecific splicing, we constructed mutant minigenes by introducing mutations into the Imp minigene, pA3Impmini, as demonstrated in Fig. 4A . The pA3Impmini derivative mutant minigene in which the C-rich sequence found in exon 8 (CR1) was replaced with the DCR1 mutant sequence was also created. The splicing of exons 7 to 8 was observed when NIASBm-M1 cells were transfected with DAR1 and DCR1 (Fig. 4B) . Importantly, the efficiency of the male-specific splicing in these mutant minigenes was similar to the wild-type (WT) minigene (Fig. 4B, lanes 1-3) , which suggests that deleting AR1 and CR1 had no effect on the regulation of male-specific splicing. In contrast, male-specific splicing in DAR2 and DAR4 mutants decreased significantly compared with the WT minigene (Fig. 4B, lanes 5 and 7) . Notably, the deletion of AR3 resulted in almost complete loss of the male-specific splicing product (Fig. 4B, lane 6) . A comparable result was obtained when NIAS-Bm-M1 cells were transfected with DAR2-4 (Fig. 4B, lane 4) , which was consistent with observations following the knockdown of Imp (Fig. 2B, right lane and Fig. 4B , lane 4). Moreover, AR3 is part of the sequence that shows high similarity to the human Imp1-binding sequence. We therefore concluded that the region of intron 7 encompassing AR2 to AR4 is necessary for male-specific splicing.
2.5.
Recombinant Imp specifically binds to the A-rich sequences in its own pre-mRNA
To determine whether the Imp protein can specifically interact with own pre-mRNA, recombinant Imp protein was prepared and purified, as described previously (Suzuki et al., 2010) . The specificity of the interaction between recombinant Imp and the RNA sequence-encompassing AR2 to AR4 was assessed using an RNA electromobility shift assay (REMSA; Fig. 5B ). When the WT RNA probe (Fig. 5A) including AR2, AR3, and AR4 was incubated with recombinant Imp, two bands with different mobilities were detected (Fig. 5B , lane Fig. 3 -A-rich sequences in the male-specifically spliced region of Imp. The upper panel shows a schematic diagram of the genomic structure of exons 7 to 8 of Imp, while the open boxes represent exons. The 3'UTR common to both sexes is indicated by a filled box, and the number within each box represents the exon label. The middle panel shows the results of searching for A-rich regions, defined as windows of 10 nucleotides containing 6 or more As within the 2728-nt sequence from exons 7 to 8 of Imp. The lower panel highlights regions of the Imp mRNA sequence containing A-rich sequences clustered in the region downstream of the non-sex-specific poly(A) signal sequence, which is represented by a box. The Arich sequences are underlined. The sequence below the Imp mRNA sequence shows the human Imp1 binding site.
2). To determine which band reflected the specific interaction of the WT RNA with recombinant Imp, the reaction was repeated using a negative control RNA consisting of C-rich sequences in exon 8 (Fig. 5B, lane 6) . A comparison of the gel shift patterns of the negative control RNA with the pattern of WT RNA revealed that the upper band was specific for the WT RNA-protein interaction. In contrast, the signal intensity of the shifted band became very faint when the AR2-4mut probe containing mutations in AR2, AR3, and AR4 was used as the probe in the same REMSA (Fig. 5B, lane 4) . These results demonstrate that Imp specifically binds to the RNA sequence encompassing AR2 to AR4 that is present in the middle of intron 7.
Discussion
Imp can act as the memory device for sex determination in the silkworm
We previously identified that Imp is a splicing trans-element responsible for the male-specific skipping of exons 3 and 4 in Bmdsx pre-mRNA (Suzuki et al., 2010) . We also found that Imp was localized on the Z chromosome and was malespecifically expressed in various tissues. However, the molecular mechanisms underlying these effects remain unclear.
In this study, we found that the male-specific Imp mRNA is synthesized as a result of male-specific inclusion of exon 8 and the promoter-distal poly(A) site choice. In contrast, nonsex-specific polyadenylation occurs at the promoter-proximal poly(A) site present in the middle of intron 7. Similar to Drosophila Sxl, tra in several dipteran and hymenopteran insects, and fem in A. mellifera, sex-specific expression of Imp is controlled by its autoregulatory function, whereby the protein product regulates the male-specific splicing of its own premRNA. This suggests that Imp acts as the memory device for sex determination in the silkworm.
3.2.
Possible roles of Imp in regulating the male-specific splicing of Imp pre-mRNA Human Imp interacts with the Hu protein HuD, an RNAbinding protein that recognizes AU-rich sequences in an RNA-dependent manner (Atlas et al., 2004) . In Drosophila, the Hu protein homolog embryonic lethal abnormal visual (ELAV) is essential for producing erect wing (ewg) neuronal mRNAs that require the inclusion of a terminal exon, resulting in distinct 3 0 ends (Lisbin et al., 2001; Soller and White 2003) . Previous work revealed that ewg is broadly expressed, but that the splicing of the terminal intron 6 occurs only in neurons that express ELAV. In the absence of ELAV, ewg transcripts terminate in intron 6, when ELAV binds downstream of a poly(A) site in ewg RNA (Koushika et al., 2000) . ELAV inhibits 3 0 -end processing at this poly(A) site, and its binding is necessary to promote the splicing of ewg intron 6, leading to exclusive use of the 3 0 splice site of the terminal exon (Soller and White, 2003) . The authors of this work speculated that the binding of ELAV in the proximity of the cleavage site slows the recruitment of cleavage factors such as CF I, CF II, and/or poly(A) polymerase (PAP), resulting in a delayed cleavage reaction. This alters the timing of 3 0 -end processing, allowing the spliceosome to assemble and proceed with splicing at the neuronal 3 0 splice site of intron 6 (Soller and White, 2003) .
The alternative RNA processing pattern of Imp pre-mRNA closely resembles that of ewg pre-mRNA. Imp is broadly expressed, but splicing of the terminal intron 7 and the inclusion of exon 8 occur only in males. In females, Imp transcripts terminate in intron 7 at the intronic poly(A) site (Fig. 1B and C) , whereas in males, Imp binds immediately downstream of the poly(A) site to promote the splicing of intron 7, leading to male-specific inclusion of exon 8 (Figs. 2, 4 and 5). Since human Imp1 interacts with the Hu protein, Imp may also interact with a Hu protein homolog that can inhibit 3 0 -end processing at the poly(A) site in intron 7, leading to the exclusive use of the 3 0 splice site of exon 8. Alternatively, Imp itself could have the same 3 0 -end processing activity as ELAV.
Imp expression may be repressed in females by miRNAs at the translational level
In addition to the male-specific Imp mRNA, non-sex-specific Imp mRNA is derived as a result of the use of the promoter-proximal poly(A) site present in the middle of intron 7. The putative amino acid sequence of the protein encoded by this transcript is identical to male-type Imp, with the exception of the six C-terminal amino acids (Fig. 1C) . Thus, the possibility exists that non-sex-specific Imp protein has similar actions to male-type Imp. This therefore raises the question why the male-specific splicing does not occur in females. One possible explanation is that Imp expression is repressed in females at the translational level by microRNAs (miRNAs). Consistent with this idea, the expression of Drosophila Imp in testis stem cells is repressed by the heterochronic miRNA let-7 via a canonical seed sequence in the Imp 3 0 UTR (Toledano et al., 2012) . The same process regulates human Imp1, which has five let-7 miRNA complementary sites in its 3 0 UTR (Mayr and Bartel, 2009 (Mayr and Bartel, 2009) . Notably, a sequence exists complementary to the 5 0 seed region of B. mori let-7 (bmo-let-7) miRNA in the first 350 base pairs (bp) of the Imp 3 0 UTR in both sexes, but this region is removed in males during the male-specific splicing of intron 7, potentially allowing male-specific production of Imp. Previous reports suggest that bmo-let-7 is expressed in silkworms from first molt to the adult stages, but not during embryonic development (Liu et al., 2007) , and so Imp expression occurs equally during embryogenesis. We therefore hypothesize that let-7-like miRNAs are synthesized on the W chromosome from Fem, the master switch gene, during the early embryonic stages when sex determination occurs and repress the translation of Imp in a female-specific manner. After sex determination, males can then produce Imp protein and maintain expression via autoregulatory regulation. Alternatively, both male-specific and non-sex-specific Imp isoforms are equally produced but only the malespecific Imp is capable of regulating its own pre-mRNA processing or inducing male-specific splicing of the downstream Bmdsx pre-mRNA via binding of PSI (Suzuki et al., 2010) . In this scenario, the male-specific splicing of Imp pre-mRNA is directly or indirectly repressed by the expression of Fem on the W chromosome. In a manner analogous to the Drosophila embryonic specific Sxl-Pe transcription products, it may be possible that additional embryonic-specific Imp transcript induces the male-specific splicing of Imp in males. This embryonic-specific Imp transcription may be repressed by the presence of Fem on the W chromosome.
We currently have no antibody that specifically recognizes Imp and so are unable to determine whether Imp protein can be detected in females. Additional studies are therefore needed to clarify this postulate. In addition, future work will investigate whether the expression of Imp in females is repressed by let-7 or let-7-like miRNAs using the bmo-let-7 miR-NA complementary site. 
4.
Experimental procedures
4.1. 5 0 and 3 0 RACE 5 0 and 3 0 RACE was performed based on previous protocols (Suzuki et al., 2010) , except that the cDNA templates were prepared from ovaries of fifth-instar larvae.
Rt-pcr
Poly(A)+ RNA extraction, first strand cDNA synthesis, and PCR were performed, as previously described (Suzuki et al., 2010 (Suzuki et al., , 2012 . The primer sequences and PCR conditions used in this study are shown in Table 1 .
4.3.
Plasmid construction PCR amplification of the Imp genomic sequence was accomplished using B. mori p50 strain genome DNA as template. Initially, an 1837-bp Imp gene fragment containing the region from exon 6 to exon 8 was synthesized by PCR amplification using the primers A3IMPE6F ( 5 To generate the deletion mutants DAR1, DAR2, DAR3, DAR4, DAR2-4, and DCR1, the AR1, AR2, AR3, AR4, AR2-AR4, and CR1 sequences were replaced with an EcoRI restriction site by PCR using the GeneTailor site-directed mutagenesis system (Invitrogen). The primers pairs used were as follows: 
RNAi
To knock down the expression of Imp by RNAi, the dsRNA described in our previous study (Suzuki et al., 2010) was transfected into NIAS-Bm-M1 cells, as previously described (Suzuki et al., 2010) .
DNA transfection
Transfections were carried out following previously described protocols (Suzuki et al., 2008) . Each plasmid containing either the WT or mutant Imp minigenes (1 lg/plate) were transfected into NIAS-Bm-M1 cells. To overexpress male-specific Imp in female cells, pIEx-Imp (Suzuki et al., 2010) was transfected into BmN cells derived from the ovaries of B. mori (Maeda, 1984) . Poly(A) + RNA was isolated 48 h after transfection, as described above.
4.6.
RNA electrophoretic mobility shift assay (REMSA)
RNA mobility shift assays were performed as previously described (Suzuki et al., 2010) probes were synthesized using the custom oligonucleotide (Suzuki et al., 2010) . The RNA-protein complexes were resolved on a native 6% polyacrylamide gel (polyacrylamide:bis = 36:1). Gels were then stained using the SYBR Green EMSA nucleic acid gel stain kit (Invitrogen) following the manufacturer's instructions and visualized using LAS-1000plus (FujiFilm).
